The expiratory neurons of the Bötzinger complex (BötC) provide inhibitory inputs to 27 the respiratory network, which, during eupnea, are critically important for respiratory phase 28 transition and duration control. Herein, we investigated how the BötC neurons interact with the 29 expiratory oscillator located in the parafacial respiratory group (pFRG) and control the 30 abdominal activity during active expiration. Using the decerebrated, arterially perfused in situ 31 rat preparations, we recorded the neuronal activity and performed pharmacological 32 manipulations of the BötC and pFRG during hypercapnia or after the exposure to short-term 33 sustained hypoxia -conditions that generate active expiration. The experimental data were 34 integrated in a mathematical model to gain new insights in the inhibitory connectome within 35 the respiratory central pattern generator. Our results reveal a complex inhibitory circuitry within 36 the BötC that provides inhibitory inputs to the pFRG thus restraining abdominal activity under 37 resting conditions and contributing to abdominal expiratory pattern formation during active 38 expiration. 39 40 41 Keywords: abdominal activity, hypercapnia, hypoxia, parafacial respiratory group, ventral 42 respiratory column. 48 et al., 2015, Harris-Warrick, 2010, Ramirez and Baertsch, 2018. In mammals, rhythmical 49 contraction and relaxation of respiratory muscles emerges from interacting excitatory and 50 inhibitory neurons with specific cellular properties, distributed within the pons and the medulla 51 oblongata (Richter and Smith, 2014, Del Negro et al., 2018, Lindsey et al., 2012. Coupled 52 oscillators embedded in this brainstem respiratory network are essential to generate and 53 distribute synaptic inputs for the initiation of respiratory rhythmicity and the control of pattern 54 formation (Anderson and Ramirez, 2017, Del Negro et al., 2018). Defining the arrangement 55 and connections of the respiratory oscillators and circuitries are essential to understand how 56 breathing is generated and adjusted to attend metabolic and behavior demands.
INTRODUCTION
Oscillatory neural circuits are necessary components of the brain networks that sustain physiological and behavioral rhythms, such as sleep-wake cycle, hormone release, mastication, swallowing, locomotion and breathing (Shevtsova and Rybak, 2016, Saper, 2006, Kumar Jha at the level of -12.12 and -12.48 mm relative to Bregma (Paxinos and Watson, 2007) , 1726±80 144 mm lateral to midline and 433±58 from ventromedullary surface. 145 The increase in the fractional concentration of CO2 in the perfusate modified the 146 respiratory pattern and generated active expiration, as well as changed the activity of BötC 147 neurons in control in situ preparations (Figures 1, 2 and 3) . With respect to motor outputs (n=7), 148 we observed that hypercapnia: i) decreased PN burst frequency, ii) did not modify PN burst 149 amplitude, iii) reduced Ti and prolonged Te, iv) did not change cVN post-inspiratory duration 150 and mean activity, and v) did not modify AbN activity during E1 phase, but markedly increased 151 during E2 phase due to the emergence of bursts during the late part of expiration (late-E). These 152 responses are summarized on Table 3 . In association with the respiratory motor changes, 153 hypercapnia promoted a modest but significant increase in the average firing frequency of post-154 I during E1 phase (32.6±9.1 vs 37.8±11.8 Hz, P=0.0253; Figures 1A-C) . Moreover, the pattern 155 of post-I neuronal discharge during hypercapnia showed a negative relationship with the 156 emergence of active expiration, with either absence or very low firing frequency during the early-I to post-IGly, early-I to post-IGABA, and early-I to aug-E populations by 10% each. Besides, the post-IGABA to aug-E synaptic weight was reduced by 15%. The chemosensitive drive was 245 not changed. Following these manipulations, the model exhibited late-E bursts at the end of 246 expiration similar to the activity observed in experimental recordings ( Figure 7A and B) . 247 Although a number of synaptic weights were altered to reproduce this experimental condition, 248 the change in the weight of the post-IGABA to aug-E synapse was the main factor responsible for 249 respiratory pattern transformation. Early-I is only active during inspiration, so the change to its 250 weights did not directly alter inhibitory tone in the pFRG during expiration. The decrease in the 251 weight of synaptic inhibition from post-IGABA to aug-E resulted in a facilitation of aug-E firing 252 rate. Aug-E inhibition of post-IGly was greater at the end of expiration, and the post-IGly firing 253 rate was sufficiently suppressed to release late-E population of the pFRG from glycinergic 254 inhibition ( Figure 7B ). Late-E activation transiently facilitated aug-E, which is the mechanism 255 that supports the gap between the termination of post-I activity and the expiration-to-inspiration 256 phase transition. 257 To simulate the scenario of strychnine microinjections in the BötC during hypercapnia, 258 we reduced synaptic weights of the glycinergic circuitry within the BötC (Figure 7 C and D) . 259 The weight of the aug-E to post-IGly synapse was reduced by 10%. This manipulation was 260 sufficient to suppress the activity of the late-E population of the pFRG recruited by the increase 261 in the chemosensitive drive (hypercapnia condition). The mechanism responsible for this 262 transformation of the respiratory pattern revolves around the disinhibition of the glycinergic 263 post-I population. Our manipulation reduced the inhibitory output of aug-E, which facilitated 264 the firing rate of post-IGly neurons. This change in firing rate directly resulted in greater 265 glycinergic inhibition on late-E neurons of the pFRG ( Figure 7D ).
267
Active expiration after the exposure to sustained hypoxia in situ and in silico 268 In order to broaden our understanding about active expiration in different conditions, 269 and to gain insights into Bötzinger complex and parafacial respiratory group interactions, we 270 also performed experiments using the experimental model of rats exposed to short-term 271 sustained hypoxia (10% O2, 24 h). In agreement with previous studies (Flor et al., 2018 , Moraes 272 et al., 2014 , rats previously exposed to (n=9) exhibited the pattern of active expiration under Considering the discharge profile of post-I and aug-E neurons in SH rats, we then 291 simulated the SH condition by reducing the excitability of neurons that fire most strongly 292 following the inspiration-to-expiration phase transition (Figure 9 A and B ). In our model, both Figure 10A ). Since post-IGABA and post-IGly both 306 project to late-E, we can formulate a testable prediction that a uniform increase in excitatory 307 conductance in the BötC would result in greater expiratory inhibition on the late-E population 308 of the pFRG that would prevent the latter from activation normally observed after SH exposure.
Taking into account our simulation of hypercapnic conditions, one can also predict that 310 SH-induced active expiration could be abolished by reducing the glycinergic transmission in 311 the BötC, such as achieved following injections of strychnine within this region. We Figure 12E ) and duration decreased (73±10 vs 57±12 % of expiratory 345 time, P=0.0007, Figure 12F ). Moreover, the antagonism of glycinergic receptors in the BötC of 346 SH reduced the AbN activity during E1 (4.0±2.4 vs 2.6±1.6 µV, P=0.0213, Figure 12G ) and 347 E2 phases (8.7±5.1 vs 4.4±2.3 µV, P=0.0072, Figure 12H ) -the latter due to the elimination of 348 late-E bursts ( Figure 12B ). These effects promoted by strychnine in the BötC reversed 349 approximately 30 min after microinjections (data not shown). The sites of bilateral strychnine 350 microinjections in the BötC are illustrated in Figure 12I . Microinjections of vehicle in the BötC 351 of SH rats (n=3) did not change activities of PN, cVN and AbN activities (data not shown).
352
These data indicate that increasing the activity of neurons in the BötC, either by 353 pharmacological stimulation or disinhibition, is able to eliminate active expiration in SH rats.
355
Stimulation of the BötC is sufficient to attenuate the active expiration evoked by glycinergic 356 receptor antagonism in the pFRG in silico and in situ 357 Our model implies that pFRG late-E activity is restrained by both GABAergic and 358 glycinergic inputs from BötC. However, in our simulations, the partial blockade of glycinergic 359 transmission within the pFRG was sufficient to induce active expiration. We accomplished this 360 by reducing the post-I to late-E synaptic weight by 80% ( Figure 13A and B) . Therefore, the 361 remaining primarily GABAergic inhibition in this state was not sufficient to prevent late-E 362 neurons from activating at the end of expiration. However, the facilitation of neuronal activity 363 within the BötC, which includes an increase in post-IGABA population activity, could suppress 364 late-E activity induced by reduction of glycinergic transmission within the pFRG. We tested 365 this prediction by increasing the weight of the excitatory drive to each of the three BötC 366 complex populations by 12%, as we previously used in similar simulations for SH condition.
367
The result in simulation was the reduction in frequency of late-E bursts (one late-E burst per 368 two respiratory cycles; Figure 13C ) but not the complete elimination of late-E activity. 369 We then tested this modeling prediction experimentally using in situ preparations of 370 control (naïve) rats. Bilateral microinjections of strychnine in the pFRG at 1 mM (but not lower 371 concentrations, data not shown) evoked active expiration in control in situ preparations under 372 normocapnia (n=9, Figures 14A) , with the emergence of AbN late-E bursts (4.4±2.3 vs 7.1±3.5 373 µV, P=0.0126, Figure 14C ) in all respiratory cycles ( Figure 14D ). No significant changes were 374 noted in PN burst frequency (21±5 vs 20±4 cpm, P>0.99, Figure 14E ) and amplitude (45.4±17.9 vs 43.6±15.3 µV, P0.6961, Figure 14F ), as well as in cVN activity (27.1±3.8 vs 26.6±3.6 µV, 376 P>0.99, Figure 14G ). Notably, strychnine microinjections in the pFRG was able to attenuate 377 the inhibition of AbN late-E bursts induced by microinjections of L-glutamate (10 mM) in the 378 BötC ( Figure 14B ), which were observed at similar amplitude (6.0±2.6 µV, P=0.0768, Figure   379 14B and C) but at lower frequency (12±6 events/min, P=0.0105, Figure 14D ) compared to the 380 values observed before L-glutamate microinjections. Moreover, the antagonism of glycinergic 381 receptors in the pFRG prevented the inhibitory effects on PN burst frequency (21±4 cpm, 382 P=0.1676, Figure 14E ), but not on PN burst amplitude (38.2±14.1 µV, P=0.0294, Figure 14F inhibitory response elicited by glutamate in the BötC after strychnine in the pFRG may be 546 elicited by the GABAergic projections from the BötC to the pFRG, as suggested by the model. 547 We cannot exclude the possibility that our microinjections in the pFRG did not block all glycine 548 receptors. After microinjections of strychnine in the pFRG, as well as in animals exposed to 549 SH, the microinjections of glutamate in the BötC did not prolong expiratory duration and did 550 not reduce the respiratory frequency. These findings suggest that the recruitment of pFRG 551 expiratory neurons may also modify the activity/dynamics of BötC neurons that inhibit the 552 inspiratory neurons. Alternatively, we may also consider that the possible interactions between precise distribution and extent of these perturbations are summarized in Table 1 .
762
Model description 763 We used a reduced conductance-based model to compute the average membrane 764 potential " , ∈ {1, … ,6} (see Table 1 ) and firing rates of neuronal populations in the VRC In the post-IGly population, ( = 6), there was no additional ionic current ( d = 0).
793
The excitatory ( " ) and inhibitory ( " ) synaptic activations were determined by the 794 activity of presynaptic populations as described by where h g i is the neuronal firing rate of the presynaptic population, and the synaptic weights 798 , , and can be found in Table 1 and depicted in Figure 5 . The parameter represented an 799 external tonic drive, and it was equal to 1. Biophysical parameter values are described in Table   800 2. 
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